We test the Lee-Shandarin (LS) and the Press-Schechter (PS) mass functions against large N-body simulations for a scale-free power spectrum P (k) ∝ k n with spectral index n = −1. We use the Tormen mass function for numerical testing data which was obtained from N-body simulations of unprecedented high resolution. The LS theory is an extended PS theory to a nonspherical model, assuming that the underlying dynamics for gravitational clustering process can be described by the Zel'dovich approximation while the original PS theory is based on the dynamics of the top-hat spherical model. 
INTRODUCTION
In a hierarchical gravitational clustering models, the mass distribution function for gravitationally bound objects (galaxies, galaxy clusters, and so on) plays an important role in determining the cosmological parameters (e.g., Klypin et al. 1995; Fan, Bahcall, & Cen 1997) . Press & Schechter (1974, hereafter PS) for the first time provided a simple analytic formalism to evaluate the mass function. The PS formalism uses the top-hat spherical model as an underlying dynamics, and postulates that the comoving number densities of bound objects can be inferred from the linear Gaussian density field. One of the weakest points of the PS formalism -its notorious fudge normalization factor of 2 -has been successfully overcome by Peacock & Heavens (1990) and Bond et al. (1991) who showed that the factor of 2 is related to the cloud-in-cloud occurrences and solved this problem with the help of the excursion set theory.
Since the PS mass function turned out to agree quite well with the results from N-body simulations (e.g., Bond et al. 1991; Lacey & Cole 1994) , the simplicity and the practical success of the PS theory has led to its wide application to various areas (e.g., Cole & Kaiser 1988; White & Frenk 1991; Lee & Shandarin 1998b ).
Indeed, the PS theory is nowadays generally believed to provide a satisfactory estimate of the mass function.
Nevertheless there are some experimental evidences showing the limitation of the PS formalism. First, it has been found by several N-body simulations that the true gravitational collapse process must be nonspherical (e.g., Shandarin et al. 1995; Kuhlman, Melott, & Shandarin 1996) . It indicates that one has to consider more realistic nonspherical dynamics than the simple top-hat spherical one in order to find the mass function. Second, N-body simulations also showed that peaks of the linear density field are "poorly" correlated with the final spatial locations of bound objects (e.g., Katz, Quinn, & Gelb 1993) , although the PS formalism assumes that bound objects form in the peaks of the density field. Third, recent N-body tests have detected that experimental results are slightly flatter than the PS one in shape, especially in the high-mass section. In other words, compared with the numerical mass functions the standard PS mass function underpredicts the number densities of high-mass objects but overpredicts at the characteristic mass scale (e.g., Tormen 1998).
New ideas have been suggested to improve the dynamics of the original PS formalism by implementing anisotropic collapse conditions (e.g., Monaco 1995; Audit, Teyssier, & Alimi 1997) . But in these nonspherical dynamical approaches to the mass function, the normalization problem remained unsolved, so their attempts to find a mass function using nonspherical dynamics ended up as incomplete. The difficulty in solving the normalization problem in nonspherical dynamical models was due to more complicated pattern of the cloud-in-cloud occurrences than in the top-hat spherical one.
Recently, Lee & Shandarin (1998a, hereafter LS) derived a new analytic mass function with a nonspherical dynamical model, and found a approximate solution to the normalization problem by employing the Jedamzik integral equation for the mass function (Jedamzik 1995) corrected by Yano, Nagashima, & Gouda (1996) . Basically, the LS formalism adopts the same statistical description as the PS formalism but replaces the underlying dynamics by choosing more realistic nonspherical collapse condition. The LS formalism has replaced the top-hat spherical model used in the PS formalism by the Zel'dovich approximation, along with the assumption that real virialized bound objects -clumps form from the Lagrangian regions where the gravitational collapse proceeds along all three directions. The resulting LS mass function has been shown to bear a much resemblance to the PS one but to look somewhat flatter in shape.
In this Letter we present the numerical testing results of the LS mass function for a power-law spectrum with spectral index n = −1 in an Einstein-de Sitter universe at present epoch, and show that the LS mass function agrees with the numerical results significantly better than the PS one. In §2 we briefly review the major points of both the PS and the LS formalisms for the convenience of readers, highlighting the difference and the similarity between the two. In §3 we briefly summarize the N-body simulation used to produce the numerical mass function, and make a comparison between the analytical and the numerical mass functions with the best-fit estimates. In §4 we draw final conclusions.
REVIEW OF MASS FUNCTION THEORIES

The PS Formalism
The PS formalism assumes that bound objects of mass M form hierarchically in the regions where the linear Gaussian density field δ ≡ ρ/ρ (ρ: mean density) filtered on a mass scale of M reaches its threshold value δ c . This fundamental assumption is represented by the following two equations:
Here dN(M)/dM is the (differential) mass function defined such that dN(M) is the comoving number density of bound objects in the mass range (M, M + dM) while F (M) is the volume fraction satisfying the collapse condition δ > δ c in the density field filtered on a mass scale of M. And the probability density distribution p(δ) for the initial Gaussian density field smoothed by a filter W k (R) is given as :
where the mass variance σ 2 (M) is a function of the filtering mass scale M ∝ρR 3 estimated by
Through equations (1)- (4), the PS mass function is found to be
with the normalization factor of 2 included. The normalization factor of 2 is directly related to the amount of the cloud-in-clouds which are defined in the PS formalism as the fraction of the mass in the underdense regions (δ < δ c ) at a given filtering scale M but having δ = δ c at a larger filtering scale M ′ > M. As mentioned in §1, this normalization factor of 2 has been proved to be exact in the case of a sharp k-space filter (Peacock & Heavens 1990; Bond et al. 1991; Yano et al. 1996) .
The threshold δ c for the present epoch is originally given by the spherical top-hat model: δ c ≈ 1.69 (Peebles 1990 ). But in many numerical tests it has been detected that lowered δ c (roughly 1.5 or even lower) gives a better fit (e.g., Efstathiou & Rees 1988; Carlberg & Couchman 1989; Klypin et al. 1995; Bond & Myers 1996) . This numerical detection can be understood in the following dynamical argument: Although the top-hat spherical model predicts that the gravitational collapse to "infinite" density occurs when the density reaches δ c ≈ 1.69, clumps in realistic case can form earlier by a rapid virialization process due to the growth of small-scale inhomogeneities (Shapiro, Iliev, & Raga 1998).
Actually it is a general tendency in recent N-body simulations for mass functions to set δ c in the expression of dN P S /dM as a free fitting parameter and find the value of δ c phenomenologically (Monaco 1995; Tormen 1998 ).
The LS Formalism
The Zel'dovich approximation is used as a guiding nonspherical dynamical model in the LS formalism (Lee & Shandarin 1998a ), according to which bound objects form from the Lagrangian regions where the lowest eigenvalue λ 3 (λ 3 < λ 2 < λ 1 , δ = λ 1 + λ 2 + λ 3 ) of the deformation tensor d ij (defined as the second derivative of the perturbation potential Ψ such that d ij = ∂ 2 Ψ/∂q i ∂q j , q i is the Lagrangian coordinate) reaches its threshold λ 3c for collapse. The supporting numerical evidence is given by Shandarin & Klypin (1984) who showed by N-body simulations that bound objects form from the Lagrangian regions where λ 3 reaches a local maximum.
In short, the LS formalism replaces the δ-field of the PS formalism by the λ 3 -field, which amounts to replacing equation (2) by the following one:
where the probability density distribution of p(λ 3 ) is given by (see Lee & Shandarin 1998a ):
Through equations (1) and (6)- (7), the LS mass function is found to be
with the normalization factor of 12.5 included. This large normalization factor is due to the large amount of the cloud-in-cloud occurrences in the LS formalism where the cloud-in-clouds are redefined as the Lagrangian regions with λ 3 < λ 3c at a given filtering scale M but having λ 3 = λ 3c at a larger filtering scale M ′ > M. However, it has been also shown that this large normalization factor can be justified with the choice of a sharp k-space filter (Lee & Shandarin 1998a ).
In the original derivation of the LS mass function, the threshold λ 3c for collapse has been empirically chosen to be 0.37 as the best value. The same kind of logic used to give a dynamical explanation to the lowered δ c of the PS formalism applies here. Although a simple extrapolation of the Zel'dovich approximation to nonlinear regime predicts that the formation of clumps corresponding to the third axis collapse occurs at λ 3c = 1 at the present epoch, the first and the second axis collapse speed up the formation of clumps, which would result in a lowered λ 3c (see also Audit et al. 1997 ).
In the next section, we witness that the LS mass function with this lowered value of λ 3 close to the originally suggested value 0.37 does agree with the experimental results quite well.
Cloud-in-Cloud Problem
The normalization problem of any PS-like theory is a natural consequence of the PS equation (2) which does not take into account the cloud-in-cloud occurrences. Jedamzik (1995) proposed the following integral equation to solve the cloud-in-cloud problem:
where P (M, M ′ ) is a conditional probability of finding a bound region at mass scale M provided that it is included in an isolated bound object with mass M ′ , indicating the amount of the cloud-in-clouds. In the PS formalism, Yano et al. (1996) showed that
for a sharp k-space filter, solving the PS normalization problem.
In the LS formalism based on the λ 3 -field, however, P (M, M ′ ) cannot be expressed as a simple step function due to the complicated non Gaussian nature of the λ 3 -field. That is, it is much harder to compute the amount of cloud-in-clouds in the LS formalism. Yet, Lee & Shandarin (1998a) showed that under some restriction the LS normalization problem can be also solved through the Jedamzik integral equation. If M ′ is much larger than M (which is actually pertinent to real physical situations), we showed that P (M, M ′ ) is given by 0.08Θ(M ′ − M) for a sharp k-space filter in the LS formalism.
Now for a sharp k-space filter, the Jedamzik integral equation (9) with this simple expression of P (M, M ′ ) as a step function recovers the original PS equation (1) but with a proper normalization factor (2 for the PS and 12.5 for the LS) included automatically.
NUMERICAL .vs. ANALYTICAL MASS FUNCTIONS
All the data for the numerical mass functions presented here have been kindly provided by Tormen (1998) who used the N-body simulation of unprecedented high resolution for a scale free power-law spectrum |δ k | 2 ∝ k n with spectral index n = −1 (White 1994) . For a complete description of the numerical simulation, see Tormen, Bouchet, & White (1997) . Tormen (1998) (178) clumps. As explained clearly in §3 of Tormen (1998) , the average process over 10 outputs were performed by weighting each contribution from 10 outputs in each mass range by the number of clumps belonging to that mass range (see also Lacey & Cole 1994 ). Here we compare the analytical mass functions with the final average numerical results obtained using both of the algorithms. Figure 1 and 2 plot the final (average) numerical mass function as solid square dots for FOF (0.2) and SO (178) cases respectively.
For the power-law spectra, the mass variance is given by the following simple form:
where M 0 is the characteristic mass scale 1 defined by σ(M 0 ) = 1. As Tormen (1998) did, it is sometimes useful to define a filter-depending nonlinear mass
for a dimensionless rescaled mass variable M/M * . Note also that σ(M * ) = δ c . In order to determine the best-fit parameters of λ 3c and δ c which makes the LS and the PS mass function respectively fit to the numerical (average) results best, we employ the chi-square (χ 2 ) fitting method which is based on the maximum likelihood estimation (Press et al. 1992) , minimizing the following quantity between fitting numerical data points (f i , M i ) and the analytical f LS and f P S in logarithmic scale:
where
It is worth mentioning that both the LS and the PS formalisms (actually any PS-like formalism) are least reliable in 1 In Lee & Shandarin (1998a) , the characteristic mass was notated by M * . But here we use M * to notate a slightly different mass scale. Readers should not be confused about this different notation of the characteristic mass.
2 Tormen (1998) used a top-hat filter with fixed δ c = 1.69 to calculate M * whose value was given by 6.16 × 10 13 M ⊙ . the low-mass section (M < M * ) (see Monaco 1995) . Therefore we determine the best-fit parameters λ 3c and δ c which minimize the values of χ 2 in the high-mass section (M > M * ). 
CONCLUSION
We have numerically tested an analytical mass function recently derived by Lee & Shandarin (1998a) and the popular Press-Schechter one as well for comparison. All the numerical testing data from N-body simulations of very high resolution for a scale free power-law spectrum with spectral index n = −1 were kindly provided by Tormen (1998) .
The LS formalism is a modified version of the PS formalism with the underlying dynamics replaced by the Zel'dovich approximation. Thus it deals with the λ 3 -field instead of the δ-field in the PS formalism, with the LS mass function being characterized by the threshold λ 3c while the PS by δ c .
As is often the case in recent N-body simulations for mass functions, we regard δ c and λ 3c as free fitting parameters, which can be dynamically explained in terms of faster virialization in the realistic collapse process (see §2). By employing the chi-square fitting method, we have determined the best-fit values of λ 3c and δ c . The testing results obviously have revealed that the LS mass function with the best-fit parameter λ 3c = 0.38 − 0.39 is significantly better than the PS one with δ c = 1.53 − 1.59 in fitting to the numerical data especially in the high-mass section. Although we have tested the LS mass function only in the case of a power-law spectrum with spectral index n = −1, given the excellent fitting results of the LS mass function demonstrated here, we expect that the LS mass function will provide a more accurate analytical tool than the PS one to study the formation of the large-scale structure, and suggest that the LS theory be tested widely and applied to various areas like the PS theory.
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